Cooperatively breeding American crows (Corvus brachyrhynchos) suffer a severe disease-mediated survival cost from inbreeding, but the proximate mechanisms linking inbreeding to disease are unknown. Here, we examine indices of nestling body condition and innate immunocompetence in relationship to inbreeding and disease mortality. Using an estimate of microsatellite heterozygosity that predicts inbreeding in this population, we show that inbred crows were in relatively poor condition as nestlings, and that body condition index measured in the first 2-33 days after hatching, in addition to inbreeding index, predicted disease probability in the first 34 months of life. Inbred nestlings also mounted a weaker response along one axis of innate immunity: the proportion of bacteria killed in a microbiocidal assay increased as heterozygosity index increased. Relatively poor body condition and low innate immunocompetence are two mechanisms that might predispose inbred crows to ultimate disease mortality. A better understanding of condition-mediated inbreeding depression can guide efforts to minimize disease costs of inbreeding in small populations.
INTRODUCTION
Inbred individuals might be less resistant to disease if they are unable to recognize as wide a breadth of pathogens and parasites as relatively outbred individuals, or if disease-causing agents are part of an environment that selects against individuals expressing deleterious recessive alleles (Coltman et al. 1999) . Empirical evidence for disease costs of inbreeding has been documented in captive settings (e.g. Spielman et al. 2004; Hawley et al. 2005; Ross-Gillespie et al. 2007; Charpentier et al. 2008; Ilmonen et al. 2008) as well as in an array of free-living taxa, including California sea lions (Zalophus californianus; Acevedo- Whitehouse et al. 2003) , Mediterranean striped dolphins (Stenella coeruleoalba; Valsecchi et al. 2004) , Galapagos hawks (Buteo galapagoensis; Whiteman et al. 2006) , Soay sheep (Ovis aries; Coltman et al. 1999) , harbour seals (Phoca vitulina; Rijks et al. 2008) and American crows (Corvus brachyrhynchos; Townsend et al. 2009a) . In some studies, however, the relationship between inbreeding and disease is unclear (e.g. Giese & Hedrick 2003) or controversial (Caro & Laurenson 1994) , and in general, the disease costs of inbreeding are not well understood in wild populations (Keller & Waller 2002) . In particular, scant information is available regarding the proximate factors that might predispose inbred individuals to disease in wild populations. A more complete picture of the causes and consequences of disease-mediated inbreeding depression in wild populations would contribute to our understanding of the evolution and maintenance of behaviours such as sex-biased dispersal (Charlesworth & Charlesworth 1987; Szulkin & Sheldon 2008) , gregariousness (Jog & Watve 2005) and avoidance of kin matings (Koenig & Haydock 2004) . Detailed knowledge about the factors that influence disease-mediated inbreeding depression, and ways in which the impacts of disease can be mitigated, is also critically important for the conservation of small, inbred populations (Keller & Waller 2002) .
Factors that might potentially predispose inbred individuals to disease include differences in behavioural resistance (Calleri et al. 2006; Luong & Polak 2007) or immune response (Reid et al. 2007) , which might be owing, in part, to differences in condition or nutrition (Moller et al. 1998; Blanco et al. 2001; Koski & Scott 2001) among individuals with different inbreeding coefficients. Previous field studies have explored links between inbreeding and components of the immune response (Reid et al. 2007) , inbreeding and disease (e.g. Acevedo-Whitehouse et al. 2003; Charpentier et al. 2008; Townsend et al. 2009a) , immune response, condition and parasite load (Moller & Haussy 2007; Parejo & Silva 2009) , and population-level genetic diversity, immune response and ectoparasite abundance (Whiteman et al. 2006) . To date, however, no studies have explicitly examined the links between inbreeding, immune response, condition and disease mortality of individuals in a wild, free-living population.
In this contribution, we begin the assessment of the mechanistic links between inbreeding and disease mortality in a large, open population of socially monogamous, cooperatively breeding American crows (C. brachyrhynchos) in Ithaca, NY. Previous work in this American crow population has shown that approximately 23 per cent of genetic parental dyads are either first-order kin (coefficient of relatedness (r % 0.5)) or second-order kin (r % 0.25; Townsend 2009; Townsend et al. 2009a,b) . Inbred crows suffer from severe disease-mediated inbreeding depression: survival probability is lower for relatively inbred birds, and birds that die with signs of infectious disease during post-mortem examination have higher inbreeding indices than birds with other fates (Townsend et al. 2009a) . Proximately, inbreeding in this population occurs because delayed dispersal and short dispersal distances in both sexes lead to interactions between related adults of the opposite sex (Townsend et al. 2009b) . Inbreeding occurs through extrapair matings (i.e. matings outside of a socially monogamous pair bond) between mothers and their adult auxiliary sons within their family groups, as well as through withinpair matings between related (r % 0.25) social pairs (Townsend 2009; Townsend et al. 2009a,b) . Although ultimate factors that promote inbreeding in this population are currently unclear (Townsend et al. 2009a) , the brood-level offspring production costs of incestuous mother -son matings might be balanced, to some extent, by the direct benefits provided by extrapair sires within cooperative groups .
Here, we examine the relationships among inbreeding, innate immunocompetence, body condition and disease mortality in this American crow population. To generate indices of body condition, we used a mass by size residual (Schulte-Hostedde et al. 2005) , hypothesizing that inbreeding would be linked to a general decline in body condition, which in turn would affect the probability of disease mortality (Beldomenico et al. 2008) . We tested the specific predictions that: (i) inbred nestlings would have relatively low body condition indices; (ii) birds that ultimately died of infectious disease within the duration of this study (i.e. within the first 34 months of life) would have been in poor condition as nestlings relative to birds with other fates; and (iii) these condition indices would predict the probability of disease mortality. Furthermore, based on both theoretical expectations (Obrien & Evermann 1988; Coltman et al. 1999 ) and empirical observations in other taxa (Reid et al. 2007) , we hypothesized that inbreeding would depress immune response, predicting that inbred individuals would have lower innate immunity scores than relatively outbred individuals. We ran two assays to characterize individual innate immune response: (i) a bacterial killing assay, which is a general assay of constitutive innate immunity that reflects the ability of the whole blood to stop a potential pathogen (Millet et al. 2007) , and (ii) an assay for natural antibody (NAb)-mediated complement activation (Matson et al. 2005) . NAbs and the complement play a critical role in early, efficient immunogenicity and preventing the spread of infection (Ochsenbein & Zinkernagel 2000) , and complement deficiencies have been linked to disease in a wide array of taxa (Matson et al. 2005) . Because of the potential costs associated with the production and maintenance of immune response (Moller et al. 1998 ; but see Klasing 1998), we also examined the relationship between immune response and condition or size. We did not, however, predict the direction of the relationship, because some studies suggest a positive correlation between condition and immune response (Moller et al. 1998; Blanco et al. 2001) , whereas others suggest a trade-off between growth and immune response (Brommer 2004 Clark et al. 2006) . Crows in this population are socially monogamous, and family groups usually contain auxiliaries of either sex, most of which help to provision the incubating females, nestlings and fledgelings. Criteria and methods for classifying family groups, auxiliaries, male breeders and female breeders are described in Townsend et al. (2009b) . Hatch date was estimated by the shifting behaviour of female breeders when their eggs begin to hatch, and we refined nestling age estimates at the time of banding. On days 1 -33 after hatching, nestlings were individually marked with temporary bands, weighed and measured in tarsus, bill width and depth, exposed culmen and diameter of skull (measured from the back of the head to the proximal end of the exposed culmen). We collected blood (approx. 150 ml) from the brachial vein of live nestlings, and tissue samples from carcasses of dead nestlings found in and under these nests. Nestlings that survived past day 20 after hatching were remeasured and marked with unique combinations of metal bands, colour bands and patagial tags.
Marked focal nestlings (n ¼ 299) from the cohorts of 2004-2008 were systematically monitored for fate at least once per month, following Townsend et al. (2009a) . Post-mortem examinations were performed on the dead crows discovered between November 2006 and July 2008 that tested negative for West Nile virus (WNV), as described in Miller et al. (2010) and Townsend et al. (2009a) . Of the 299 focal birds, 100 were still alive, 21 died with signs of infectious disease (poxviral dermatitis, n ¼ 14; WNV, n ¼ 3; bacterial infections, n ¼ 2; fungal pneumonia, n ¼ 1; enteritis; n ¼ 1), 54 met with traumatic deaths and 124 died or disappeared of unknown causes by July 2008 (described in detail in Townsend et al. 2009a) . Birds were only characterized as 'diseased' when observed infections were the likely cause of death.
(b) Molecular methods DNA was extracted from blood samples using Perfect gDNA Blood Mini kits (Eppendorf, Westbury, NY, USA) and from feather tips using DNeasy tissue kits (Qiagen, Valencia, CA, USA). We sexed all individuals at diagnostic sex-linked alleles (Fridolfsson & Ellegren 1999) . Following Townsend et al. (2009b) , we genotyped each nestling at 10 microsatellite loci, and calculated two microsatellite-based individual heterozygosity indices that are frequently reported in the literature: (i) multi-locus heterozygosity (MLH), which is the frequency of heterozygous loci for each individual, and (ii) internal relatedness (IR), which accounts for background allele frequencies when estimating parental similarity from an offspring's genotype (Amos et al. 2001 ) using IRMACRON4 (http://www. zoo.cam.ac.uk/zoostaff/amos/#ComputerPrograms). Although simulations suggest that IR might reflect inbreeding somewhat more closely than MLH (Balloux et al. 2004) , we emphasize MLH in this paper because it is more amenable to cross study comparisons. To determine if heterozygosity-fitness correlations were driven by heterozygosity at any single locus ('local effects'; Hansson & Westerberg 2008), we sequentially dropped each marker from the marker set, calculated both individual heterozygosity indices in the reduced, nine-locus marker sets and ran post hoc tests using indices derived from the reduced marker set (Hawley et al. 2005) .
If microsatellite and genome-wide heterozygosity are correlated in a given system, then heterozygosity estimated from one set of microsatellites should be positively correlated with heterozygosity from an independent set of microsatellites from the same individual ('heterozygosity -heterozygosity correlations' or HHCs; Balloux et al. 2004) . In a previous study, using only IR, we showed that the strength of the HHCs was close to zero for relatively outbred birds and increased with the degree of inbreeding, suggesting that IR did correlate with genome-wide heterozygosity, and was therefore a valid index of inbreeding in this population (Townsend et al. 2009a) . In this study, we extend HHC validation to MLH, categorizing offspring first by parental relatedness, then by disease fate. Methods used to categorize offspring by parental relatedness (e.g. offspring that were produced incestuously, offspring produced through secondorder kin matings and relatively outbred offspring) are given in Townsend et al. (2009a) . For fate categorization, we grouped focal offspring as 'alive without signs of disease' or 'diseased'. The diseased grouping included the 21 individuals that suffered apparent disease mortality (described above) and four additional offspring from the 2009 cohort with detectable poxviral dermatitis lesions as of January 2010. We then conducted HHC simulations for offspring in each category by: (i) randomly splitting the 10 loci into two sets of five independent loci; (ii) calculating two MLH values-one from each set of five loci-for each individual; (iii) regressing the two MLH values for all individuals within each group against one another and calculating the r 2 values of the regressions; and (iv) repeating this procedure 50 times. We used analysis of variance to compare the mean r 2 values among the groups of offspring.
(c) Innate immunity assays Microbiocidal assays were carried out on nestlings sampled in 2009 following Millet et al. (2007) . In brief, we diluted 0.75 ml whole blood from each nestling into sterile 1.5 ml capped tubes with 97.25 ml of prewarmed CO 2 -independent media (no. 18045; Gibco-Invitrogen, CA) plus 4 mM L-glutamine. We used Esherichia coli in this assay because vertebrates are likely to have constitutive components of their immune system that respond to it (Millet et al. 2007 ). The strain that we used (E. coli ATCC no. 8739; American Tissue and Cell Culture, VA, USA) was most susceptible to killing by a suite of other avian species (Millet et al. 2007) . We diluted E. coli to a working culture in sterile phosphate-buffered saline. Ten 10 ml of the working culture (approx. 100 bacteria) were added to each diluted blood sample, vortexed and incubated for 30 min at 418C. We vortexed the incubated samples, spread 50 ml aliquots onto agar plates, inverted them and incubated them at 378C for 24 h. The number of bacteria in the inoculums was determined by adding the working culture to the media and L-glutamine mix, without blood and plating 10 ml. We also plated 10 ml of the media and L-glutamine mix, without blood or bacteria, as a negative control. The antimicrobial activity of blood was defined as the percentage of the inoculums killed, calculated as 1 2 (viable bacteria after incubation/number inoculated).
The NAb-mediated complement assays were carried out on nestlings sampled in 2005 and 2007 following Matson et al. (2005) . Starting with 50 ml of plasma from each individual, we carried out serial dilutions in 96-well roundbottomed assay plates, resulting in dilutions ranging from 1 to 1/1024 across the 12 columns, and added 25 ml of a 1 per cent rabbit blood cell suspension to each well. Plates were sealed with a plastic film, vortexed at low speed, incubated for 90 min at 378C and assessed for agglutination. Plates were then kept at room temperature for an additional 70 min and scored for maximum haemolysis, which reflects the activity of the NAb-mediated complement (Matson et al. 2005) . Haemolysis score was the column number of the last plasma dilution exhibiting haemolysis. Agglutination, which generally has a less clear endpoint than haemolysis (Matson et al. 2005) , was not easy to observe or score in this study, and the results are not reported. All haemolysis assays were run in 2007. Plasma samples were stored at 2208C from the time of collection till the time of this assay.
(d) Statistical analyses
We calculated an index of body condition for each nestling as the residual from a regression of mass against size þ (size Â size), defining nestling size as the first principal component (PC1) on covariances of exposed culmen, skull, bill width and depth, and tarsus (Schulte-Hostedde et al. 2005) . PC1 explained 94.8 per cent of the variation in these measurements. To explore the relationship between offspring body condition and inbreeding, we specified a body condition index of each nestling as the response in a linear mixed model (function lme in library nlme) in R v. 2.7.2, with heterozygosity index (IR or MLH), year, age (age þ age), sex and all two-way interactions with inbreeding as fixed effects. Because some offspring were produced by the same breeders over multiple years, we included the identity of the family group as a random effect. Non-significant terms were removed from final models following the model-selection criteria of Hosmer & Lemeshow (2000) .
The effect of nestling body condition on the probability of disease mortality of focal birds in the first 34 months of life was explored in a generalized linear model (R function glm), specifying death with signs of disease versus all other fates (alive, traumatic deaths and unknown fates) as the response (coded as 1/0) and nestling body condition index, heterozygosity index and their interaction as predictors (binomial distribution; parameter estimates b + s.e. given in logit form). We examined the relationship between bactericidal activity and individual heterozygosity using a generalized linear mixed model fit by the Laplace approximation (function GLMER in R library lme4), with the proportion of bacteria killed as the response (weighted by the number of bacteria in the inoculums), heterozygosity index as a fixed effect and family group as a random effect Condition, immunity and inbreeding A. K. Townsend et al. 2877 (binomial distribution; b + s.e. given in logit form). We examined the relationship between haemolysis and heterozygosity indices in a generalized linear model with haemolysis score as the response, and heterozygosity indices, collection year, nestling age, sex and all two-way interactions with heterozygosity as predictors (Poisson distribution; b + s.e. given in log form).
The relationship between bacterial killing and body condition was examined in a linear mixed model with condition index as the response, proportion of bacteria killed and heterozygosity index as fixed effects, and family group as a random effect. The relationship between haemolysis score and condition was explored in a linear mixed model with condition index as the response, haemolysis score, year, age and sex as fixed effects, and family as a random effect. Relationships between size and both indices of innate immunity were examined in linear mixed effect models with nestling size (PC1) as the response, innate immunity index (haemolysis score or proportion of bacteria killed), year, age and sex as fixed effects, and family as a random effect.
RESULTS
We collected complete morphometric measurements, genetic sexing data and complete genotypes at 10 loci from 375 offspring sampled between 2004 and 2009. There was a strong correlation between our two heterozygosity indices, IR and MLH (r 2 ¼ 0.97; b ¼2 1.2 + 0.01; t(373) ¼2 114.2; p , 0.001; electronic supplementary material, figure S1 ). Because MLH is more amenable to cross-study comparisons than IR (and because the two indices yielded nearly identical results in all tests), statistical output is given for MLH only. Statistical output from tests using IR is available in the electronic supplementary material.
As expected if MLH reflects genome-wide heterozygosity (and inbreeding) in this population, there was significant variation in the strength of HHCs among offspring of different relatedness groupings (F 2,147 ¼ 15.8; p , 0.0001; figure 1a ) and fate groupings (F 1,98 ¼ 106.2; p , 0.0001; figure 1b). The strength of the correlation was higher for offspring produced incestuously than for relatively outbred offspring (Tukey's HSD, a ¼ 0.05), and was higher for diseased birds than for live birds without disease signs.
(a) Condition, inbreeding and survival A least-squares regression suggested that condition increased with individual heterozygosity, although MLH explained only a small amount of the variation in condition (r 2 ¼ 0.05; figure 2 and electronic supplementary material, figure S2 ). A positive relationship between individual heterozygosity and body condition was supported by a linear mixed model, with body condition index as the response, MLH, year and sex as fixed effects, and family group as a random effect (b(MLH) ¼ 38.5 + 11.4, t(328) ¼ 3.4, p ¼ 0.0008; n ¼ 375 offspring; electronic supplementary material, table S1). We ran the model first using the complete dataset (n ¼ 375 offspring), including offspring measured from day 1 to 33 after hatching, and then limiting the dataset to the 339 offspring sampled within a shorter time frame (days 20 -30 after hatching) to see if including nestlings at either age extreme affected the results. Results were congruent for the full and reduced datasets. Results from the reduced dataset are given in the electronic supplementary material, figure S3 and table S2. In this and all other analyses, results were consistent in post hoc tests using heterozygosity indices calculated from the sequentially reduced marker set, suggesting that no single locus was driving the patterns that we observed. Only results from the full marker set are reported.
Among the 291 focal offspring that were monitored for fate and for which we had body condition indices, lifespan of the 21 birds that died with signs of infectious disease-and for which disease was the likely cause of death-ranged from 1 to 13 months (mean + s.e. ¼ 6.8 + 0.9 months; details of the disease given in Townsend et al. 2009a) . In a generalized linear model with disease mortality as a bivariate response, birds that died with signs of disease were in significantly worse condition as nestlings, and were less heterozygous than birds with other fates (table 1 and electronic supplementary material, table S3 ). The bivariate relationship between condition and fate is shown in the electronic supplementary material, figure S4 . Innate immune response appeared to be independent of nestling body condition, but not size. Proportion of bacteria killed did not predict body condition index (linear mixed model with condition index as the response, heterozygosity index and proportion of bacteria killed as fixed effects and family group as a random effect; b (% killed) +s.e. ¼2 28.0 + 15.8, t 34 ¼2 1.8, p ¼ 0.09). Likewise, haemolysis score did not predict the body condition index (linear mixed model with condition index as the response, haemolysis score and year as fixed effects and family group as a random effect; b (haemolysis) + s.e. ¼ 3.3 + 2.1, t 87 ¼ 1.6, p ¼ 0.12). Proportion of bacteria killed had no effect on the nestling size (linear mixed effect model with size as the response, proportion of bacteria killed, age and sex as fixed effects, and family as a random effect; (b (% killed) + s.e. ¼21.9 + 1.8; t 32 ¼2 1.0, p ¼ 0.31; electronic supplementary material, 
DISCUSSION
Previously, we have shown that inbred birds in a population of American crows in Ithaca, NY, had a higher probability of disease mortality and a lower survival probability than relatively outbred birds (Townsend et al. 2009a) . The proximate mechanisms linking inbreeding to disease, however, were unknown. Here, we show that inbred nestlings were in relatively poor condition: body mass residuals from a regression with body size increased with increasing heterozygosity index. Although the extent to which mass by size residuals reflect true physiological condition has been questioned (Green 2001 ; but see Schulte-Hostedde et al. 2005) , crow condition indices appeared to have an important relationship with eventual disease mortality: nestling body condition indices were significantly lower for birds that died with signs of disease within the first 3 years of life than for birds with other fates. Inbreeding and condition appeared to have an additive effect on fate, because birds that died with signs of disease were both more inbred, and in worse condition as nestlings, than birds with other fates. Additionally, inbred nestlings appeared to mount a weaker response along some axes of innate immunity than relatively outbred birds: the proportion of bacteria killed by whole blood decreased with decreasing heterozygosity index. This bactericidal assay is likely to reflect a number of components of the innate immune system, both cellmediated and humoral (described in Millet et al. 2007 ), and we do not know which component drove the observed patterns with inbreeding. However, the complement did not appear to be the component of innate immunity driving this pattern, because haemolysis scores, which reflect the activity of the complement (Matson et al. 2005) , did not vary with individual heterozygosity. (Townsend et al. 2009a) , the scenario under which microsatellite and genome-wide heterozygosity are expected to be most strongly correlated (Balloux et al. 2004; Slate et al. 2004) . We found strong evidence to suggest that MLH of our 10 markers did reflect the degree of inbreeding in this population of crows: HHCs were significantly stronger for offspring that were produced incestuously than for offspring with less-related parents (see Townsend et al. 2009a for a similar analysis using IR). Furthermore, HHCs were stronger for offspring with signs of disease than for live offspring without signs of disease. These results are congruent with an analysis conducted with California sea lion data (Acevedo-Whitehouse et al. 2003) , in which Balloux et al. (2004) found that HHCs were stronger among individuals with cancer than for those with other fates. The authors inferred that this group of diseased individuals contained highly inbred individuals (an inference that is strongly supported among diseased birds in our crow population; Townsend et al. 2009a) , and concluded that microsatellite heterozygosity at a small panel of loci can correlate with inbreeding in philopatric populations containing highly inbred individuals. One alternative explanation to inbreeding for the heterozygosity-fitness correlations which we observed is that these patterns were driven by local effects (i.e. a non-random association between a given microsatellite locus and a nearby fitness locus; Hansson & Westerberg 2008) . However, post hoc tests, in which we sequentially dropped each locus from the marker set, yielded results congruent with the results using the full marker set, suggesting that no single microsatellite locus was driving the patterns that we observed.
(b) Nestling body condition and disease mortality Poor body condition of crows when they were nestlings appeared to have long-term consequences, predisposing birds in this population to eventual death by disease. Our index of body condition was based on measurements taken when birds were only 1 -33 days old, yet the mean age at which focal birds ultimately died with signs of disease was nearly seven months after hatching. Although a link between condition and disease is not unexpected (Beldomenico et al. 2008) , field studies that document this link in wild populations are rare (e.g. Hakkarainen et al. 2007; Beldomenico et al. 2009 ). Effects of poor condition and infection can be synergistic, because individuals in poor condition might be less resistant to disease, and infection might further reduce individual condition (Beldomenico et al. 2008) . Both condition and infection probability might be mediated, to some extent, by nutrition (Glick et al. 1981; Klasing 1998; Moller et al. 1998) , and variation in diet might explain some of the individual variation in the relationship between condition and inbreeding that we observed: crow nestling size, blood protein and calcium have been linked to habitat and diet in this population (McGowan 2001; Heiss et al. 2009 ). It is likely that a number a factors in addition to inbreeding (genetic and extrinsic) affect individual body condition-and, therefore, disease mortality-in this population.
It is possible that the costs of inbreeding drop off quickly as the degree of inbreeding decreases, or that there is even an optimal, intermediate level of inbreeding in a given population (Bateson 1983) . Previously, we showed that the relationship between microsatellite heterozygosity, disease and survival disappeared after incestuously produced crows were removed from the sample (Townsend et al. 2009a ), a pattern that could have arisen because costs of inbreeding fell off rapidly as degree of inbreeding decreased. The same pattern would arise, however, if microsatellite heterozygosity did not correlate well with the degree of inbreeding among relatively outbred birds (which appeared to be the case in both the previous and current study), obscuring potential heterozygosity -fitness correlations among relatively outbred birds. With this marker set, we are therefore unable to determine how quickly the costs of inbreeding change with the degree of inbreeding in this population.
(c) Inbreeding and innate immunity A weaker innate immune response might have been another proximate mechanism contributing to the higher probability of disease mortality among inbred birds. Although information on immunity and inbreeding in other wild bird populations is scant, a negative relationship between inbreeding and immune response has also been documented in an island population of song sparrows (Melospiza melodia), using an assay of cellmediated immunity, which is one component of the avian acquired immune system (Reid et al. 2007) . Likewise, among island populations of Galapagos hawks (Buteo galapagoensis), Whiteman et al. (2006) found that the NAb levels decreased with populationlevel genetic diversity, and individual ectoparasite abundance was negatively correlated with the level of NAbs.
In weak response along one axis of immunity might mount a stronger response along another. Therefore, for a complete assessment of immunity and inbreeding in crows, it will be necessary to examine multiple axes of the immune response (innate and acquired; cell-mediated and humoral) using a larger array of immunocompetence assays (Adamo 2004; Matson et al. 2005; Millet et al. 2007) , within the same individual birds. The field of eco-immunology is an emerging one, and many assumptions underlying the interpretation of the immunological assays that we employed are untested in populations of wild birds (Ardia & Schat 2008) . For example, the assumed relationship between innate immune response and disease should be empirically tested in crows, because immunity scores do not always reflect disease resistance (Adamo 2004) . Preliminary analyses suggested that haemolysis scores (which did not vary with inbreeding) did not predict disease mortality in this population (A. Townsend 2010, unpublished data) . We did not have data collected over a time frame sufficient to assess links between bactericidal score (which did vary with inbreeding) and fate in this study. The relationship between bactericidal score and inbreeding that we report here, although suggestive, should therefore be regarded as preliminary.
(d) Nestling body condition, size and innate immunity The relationship between immune response and condition is complex. Individuals in good condition might be able to mount a stronger immune response than individuals in poor condition (Moller et al. 1998; Blanco et al. 2001) , particularly if immune response is costly. However, if individuals in poor condition experience a higher infection probability or are more likely to be suffering from a current infection than individuals in good condition (Beldomenico et al. 2008 (Beldomenico et al. , 2009 ), then they might invest more resources into immune defence and therefore exhibit a stronger response to experimental challenges. Costly allocation to immune response by individuals in poor condition might further impact condition or growth (e.g. Soler et al. 2003; Bonato et al. 2009 ). We found no evidence for a relationship between body condition and innate immunocompetence indices in these nestlings, although nestlings that were larger for their age appeared to mount a stronger NAb-mediated complement response than relatively small birds, suggesting that individuals with greater resources might be mounting a stronger response at least along some axes of immunity.
CONCLUSIONS
Although a link between disease and inbreeding is a theoretical expectation (Obrien & Evermann 1988; Coltman et al. 1999) , evidence for this relationship in wild populations is scarce (reviewed in Townsend et al. 2009a) . Empirical investigations of the potential mechanisms mediating the disease-inbreeding link in wild populations are rarer still. This study is the first, to our knowledge, to document the links among nestling body condition, innate immunity, inbreeding and disease mortality in a wild population of birds. Because of the potential synergistic interactions among immunity, condition and infections, and the correlative nature of this study, however, we have not distinguished between cause and effect among the links. For example, it is unclear whether poor condition of individuals as nestlings led to their relatively high probability of infection and disease-mediated mortality (i.e. within the first 13 months of their life), or if these individuals were already suffering from infections as nestlings, which led to their poor nestling body condition and contributed to eventual disease mortality. More information regarding the direction of causation among these links could be gained by repeated measures of condition, immune response and infection status over time (Beldomenico et al. 2009) , and by experimental manipulation of condition (e.g. by manipulating resources). A better understanding of the conditionmediated links between inbreeding and disease can be used to guide conservation efforts to minimize disease costs of inbreeding in small populations.
All capture, handling, marking, observation and blood sampling of American crows was carried out under permit from the US Geological Survey Bird Banding Laboratory, NY State (no. 22263) and under protocols approved by the Binghamton University (nos 537-03 and 607-07) and Cornell University (no. 1988-0210) Institutional Animal Care and Use Committees.
